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RESEARCH ARTICLE
Nutrient balancing of the adult worker bumblebee (Bombus
terrestris) depends on the dietary source of essential amino acids
Daniel Stabler1, Pier P. Paoli1, Susan W. Nicolson2 and Geraldine A. Wright1,*
ABSTRACT
Animals carefully regulate the amount of protein that they consume.
The quantity of individual essential amino acids (EAAs) obtained from
dietary protein depends on the protein source, but how the proportion
of EAAs in the diet affects nutrient balancing has rarely been studied.
Recent research using the Geometric Framework for Nutrition has
revealed that forager honeybees who receive much of their dietary
EAAs from floral nectar and not from solid protein have relatively low
requirements for dietary EAAs. Here, we examined the nutritional
requirements for protein and carbohydrates of foragers of the buff-
tailed bumblebee Bombus terrestris. By using protein (sodium
caseinate) or an equimolar mixture of the 10 EAAs, we found that
the intake target (nutritional optimum) of adult workers depended on
the source and proportion of dietary EAAs. When bees consumed
caseinate-containing diets in a range of ratios between 1:250 and
1:25 (protein to carbohydrate), they achieved an intake target (IT) of
1:149 (w/w). In contrast to those fed protein, bees fed the EAA diets
had an IT more biased towards carbohydrates (1:560 w/w) but also
had a greater risk of death than those fed caseinate. We also tested
how the dietary source of EAAs affected free AAs in bee
haemolymph. Bees fed diets near their IT had similar haemolymph
AA profiles, whereas bees fed diets high in caseinate had elevated
levels of leucine, threonine, valine and alanine in the haemolymph.
We found that like honeybees, bumblebee workers prioritize
carbohydrate intake and have a relatively low requirement for
protein. The dietary source of EAAs influenced both the ratio of
protein/EAA to carbohydrate and the overall amount of carbohydrate
eaten. Our data support the idea that EAAs and carbohydrates in
haemolymph are important determinants of nutritional state in
insects.
KEY WORDS: Carbohydrate, Protein, Geometric framework, Apis,
Bee, Forager
INTRODUCTION
Animals obtain essential amino acids (EAAs) by the consumption
of plant or animal proteins. Proteins are digested into amino acid
(AA) units, which are absorbed and then used to produce new
proteins, generate ATP, make other amino acids or used as signals
between cells. Because the need for AAs continues throughout an
animal’s lifespan, protein intake is actively regulated around a
nutritional optimum that is determined by age, physiological state
and reproductive capacity (Simpson and Raubenheimer, 2012).
Animals regulate their protein intake by altering quantities of food
eaten (Simpson et al., 2004) or by consuming a mixture of foods
with the correct balance of protein and other macronutrients
(Raubenheimer and Simpson, 1993; Simpson and Raubenheimer,
1993, 2012; Simpson et al., 2004). How the regulation of protein
intake is accomplished by the body’s ability to detect the need for
essential amino acids (EAAs) is largely unknown (Morrison et al.,
2012).
The protein source determines the proportion and types of AAs
produced by its digestion (Boisen et al., 2000) and can affect
macronutrient balancing (Lee, 2007; Altaye et al., 2010). The
amount of protein consumed in the diet directly affects the
concentration of free AAs in the blood/haemolymph (Zanotto
et al., 1996; Abisgold and Simpson, 1988). For this reason, several
authors have hypothesized that blood/haemolymph levels of AAs
are a potential means by which the body detects AA nutritional
sufficiency (Sanahuja and Harper, 1963; Peters and Harper, 1985;
Simpson and Raubenheimer, 1993; Morrison et al., 2012; Solon-
Biet et al., 2014). For example, haemolymph AA titre can directly
influence feeding behaviour, as seen when injection with AA
solutions reduces meal size and increases the time between meals in
locusts (Abisgold and Simpson, 1988). Haemolymph EAA
composition can also modulate gustatory sensitivity to AAs in
taste neurons (Simpson and Simpson, 1992) and could interact with
feeding circuits in the brain to regulate protein feeding. In mammals,
neurons in the hypothalamus, which govern food intake and are
sensitive to carbohydrate levels in the blood, also respond to specific
AAs, including leucine (Karnani et al., 2011), and direct injection
with AAs can reduce meal size (Jordi et al., 2013). However, few
AAs have been identified that interact with these neurons and
additional brain structures could also be involved (Schwartz, 2013).
The Geometric Framework for Nutrition is a modelling method
that works on the principle that all animals need specific proportions
of macronutrients for optimal performance (Simpson and
Raubenheimer, 2012). This optimum, called the ‘intake target’,
can be determined experimentally for a species with a given set of
traits (sex, age, reproductive status) (Simpson and Raubenheimer,
1993; Raubenheimer and Simpson, 1997; Simpson et al., 2004).
This is accomplished by either confining individuals to diets
composed of specific proportions of macronutrients or by giving
animals a choice of two diets with different macronutrient ratios and
measuring the amount of food they consume as well as other
performance indicators including lifespan, digestion efficiency,
weight and health (Raubenheimer and Simpson, 1993; Simpson and
Raubenheimer, 2012).
Adult workers of eusocial insects such as honeybees and ants are
unusual because their requirements for dietary protein are very low
(Pirk et al., 2010; Altaye et al., 2010; Paoli et al., 2014a,b;
Dussutour and Simpson, 2009). For example, a recent study usingReceived 18 September 2014; Accepted 28 December 2014
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the Geometric Framework estimated that foraging worker
honeybees need 250 times less dietary EAAs than bee larvae
(Paoli et al., 2014a,b); broodless honeybee ‘nurses’, in contrast,
required five times more dietary EAAs than foragers (Paoli et al.,
2014a). However, few other social insect species have been studied
using the Geometric Framework. The buff-tailed bumblebee
Bombus terrestris is a generalist pollinator that lives in eusocial
colonies of a few hundred individuals. It is an important wild
pollinator but has recently been domesticated and is now used
extensively in commercial pollination systems. In comparison to
honeybees, its biology is more similar to other wild bee species in
that it does not store much food; instead pollen brought back to the
colony is consumed quickly by colony residents and fed to brood,
and only nectar is stored. In comparison to other wild pollinators,
commercially reared colonies make it easy to study this species
under lab conditions. At present, we know very little about the
dietary requirements of bee species other than honeybees, and
whether the low requirement for dietary protein is common to other
species of eusocial insect workers. Furthermore, because workers
mainly require protein for somatic maintenance, bees could be ideal
models to test how the dietary intake of EAAs is regulated in the
absence of sexual reproduction. Foraging worker bees are unusual
because they derive a portion of their dietary EAAs from free AAs
found in floral nectar (Gardener and Gillman, 2002; Petanidou et al.,
2006; Nicolson and Thornburg, 2007) and readily consume
solutions containing AAs.
Here, we use the Geometric Framework to identify the nutritional
optimum for dietary EAAs and carbohydrates of the adult worker
bumblebee (B. terrestris). Previous studies of its nutrition have
shown that microcolonies compensate for protein levels in pollen:
bumblebees eat relatively more pollen when its protein content is
low (measured as %N) (Tasei and Aupinel, 2008). At present,
however, very little is known about the macronutrient requirements
of this bee species, in spite of the fact that it is widely used in
commercial pollination and is an important model in laboratory
studies. In these experiments, the IT for carbohydrates and a dietary
source of EAAs (either the 10 EAAs or a protein, caseinate), was
determined using an experimental design where bees were allowed
to choose between a diet containing sucrose and a source of EAAs
and sucrose alone. Using this design, we were also able to test
whether the dietary source of EAAs influenced the IT. To gain
insight into the mechanisms of nutrient regulation (Simpson and
Raubenheimer, 1993), we also measured how the amount of AAs
present in bumblebee haemolymph depended on the dietary protein
source and concentration.
RESULTS
Nutrient balancing depends on the source of EAAs
The intake target of worker bumblebees depended on the dietary
source of EAAs (Fig. 1A, B). Three of the diet solutions in each of
the treatments (protein or EAAs) allowed bees to achieve their
intake target. Bees fed with caseinate achieved an intake target of
1:149 (w/w) when given the option to eat from tubes containing
0.5 mol l−1 sucrose paired with the 1:100, 1:75 and 1:50 (w/w)
caseinate and sucrose diets (Fig. 1A). Bees fed with both 0.5 mol l−1
sucrose and sucrose containing free EAA achieved an intake target
of ∼1:255 (mol/mol) when fed with the 1:90, 1:75 and 1:50 (mol/
mol) diets (Fig. 1B), which translates into an intake target of 1:560
w/w. Bees fed with the caseinate diets consumed approximately
twice asmuch carbohydrate as those fed with the free EAA solutions
when they were feeding on diets within the range over which they
could achieve their intake target (1:50, 1:75, 1:100 w/w).
We calculated the intake target by measuring the total amount of
food consumed by adult worker bumblebees over the course of the
7 day experiment. The proportion of protein to carbohydrate (P:C)
or EAA:C in the diet solution had a strong effect on the amount of
food eaten (Fig. 1). Bees fed with sucrose paired with sucrose-
caseinate solutions (Fig. 1A) ate significantly more caseinate when
they were given the 1:25 and 1:10 (w/w) diets than the bees fed
with any of the other diets (Table 1, Šidák’s post hoc, P<0.05).
These diets had a much higher concentration of protein than the
bees’ intake target. In contrast, bees fed with the diet pairs in
which it was not possible for them to eat enough to achieve their
intake target for protein (the 1:500 and 1:250 diets) ate less on
average (Fig. 1A) but also ate significantly less carbohydrate than
bees on the other caseinate diets (Table 1, Šidák’s post hoc,
P<0.05). Like the bees fed diets containing a high proportion of
caseinate, bees fed the diets made of free EAAs ate significantly
more EAAs when fed the diets with high EAA:C proportions (1:10
and 1:25 mol/mol) (Fig. 1B, Table 1, Šidák’s post hoc, P<0.05).
These data show that bees have a set mean requirement for daily
carbohydrate (supplementary material Fig. S1; ∼45 mg day−1) and
prioritize their intake of carbohydrate over their intake of protein.
Unlike the bees fed the dilute caseinate diets, however, bees fed
the most dilute EAA:C diet (1:100) ate significantly more
carbohydrate than those fed with the other diets (Table 1,
Šidák’s post hoc, P<0.05).
In our analysis, we controlled for the colony of origin of the bees
and found that it affected the amount of carbohydrate consumed in
both sets of experiments (Table 1). The colony also influenced the
amount of caseinate but not the amount of EAAs eaten (Table 1). In
addition, we controlled for bee size and found that it influenced the
amount of carbohydrate consumed when bees were fed the caseinate
diets (Table 1). For both diet treatments, larger bees ate more
carbohydrate (Pearson’s correlation coefficient: caseinate, r=0.496,
P<0.001; EAA, r=0.221, P=0.043).
The source of EAAs in diet also influenced themean daily volume
of each diet solution consumed by bees (Fig. 1C,D). Bees fed with
the caseinate diets altered their intake to consumemore sucrose-only
solution when it was paired with a high-protein solution (e.g. 1:50
diet) but ate less of the sucrose-only solution when it was paired with
a dilute protein source (e.g. 1:250) (Fig. 1C, two-way ANOVA,
treatment×solution, F6,234=7.99, P<0.001). Bees fed with caseinate
diets on the extreme ends of the range we tested (1:500, 1:25, 1:10)
did not compensate in this way. Furthermore, larger bees ate a greater
volume of the diet solutions on average [two-way ANOVA, weight
(cov), F1,249=5.85, P=0.016]. The amount of food eaten also varied
as a function of colony [two-way ANOVA, colony (cov),
F1,249=9.07, P=0.003]. In contrast, bees fed with diets containing
the 10 EAAs in 0.5 mol l−1 sucrose solution always ate more of the
sucrose solution (Fig. 1D), and the amount of the EAA diet solution
they consumed depended on the proportion of EAA:C (two-way
ANOVA, trt×solution, F5,223=7.07, P<0.001). There was no effect
of bee size on this relationship (two-way ANOVA, weight covariate,
F1,224=1.05, P=0.306). The volume eaten varied as a function of
colony [two-way ANOVA, weight (cov), F1,249=6.49, P=0.012].
High concentrations of EAA in food increase the risk of
mortality
Bees fed diets composed of caseinate had very low rates of mortality
and their survival was largely unaffected by caseinate concentration in
the diet (Coxreg, χ1
2=2.79, P=0.095) (Fig 1E). However, the bees fed
the highest concentration of caseinate (1:10) had a 3.9 times greater
risk of dying than those fed themost dilute diet (1:500). Bees fed diets
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high inEAA, however, weremore likely to die during the course of the
experiment than those fed with caseinate (Fig. 1F, Coxreg, χ1
2=5.78,
P=0.016). The risk of dying increased as a function of the amount of
EAAs in the diet; bees fed diets with EAA:C ratios less than 1:90
(mol/mol) had a 3–7 times greater risk of dying than those fed diets
higher in carbohydrates (e.g. >1:90).
Dietarysourceof EAAs influences theamount andproportion
of sugars and AAs in haemolymph
We confined bees to a specific diet and measured how diet
influenced haemolymph nutrient composition. The ratio of P:C or
EAA:C in the diet influenced the amount and proportion of sugars
and amino acids in the bee haemolymph (Fig. 2). The main sugars
we found in bumblebee haemolymph were trehalose, glucose and
fructose (Fig. 2A); sucrosewas also present, but at concentrations≥2
orders of magnitude lower than the other sugars (0.380 mmol l−1;
data not shown). The amount and proportion of sugars in bee
haemolymph depended on the diet (GEE, treatment×sugar,
χ12
2 =58.1, P<0.001). Of all the sugars we measured, trehalose was
present in the haemolymph in the highest concentration, except in
bees fed the low EAA diet (1:600 mol/mol). In these bees, glucose
was at a higher concentration than trehalose (Šidák’s post hoc,
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Fig. 1. Nutrient balancing towards an
intake target depends on the dietary
source of EAAs. (A) Bees fed a choice of
diets containing caseinate and 0.5 mol l−1
sucrose and 0.5 mol l−1 sucrose alone
balanced their intake of protein and
carbohydrate to an intake target of 1:149w/w
(P:C). (B) Bees fed with diets containing free
EAAs and 0.5 mol l−1 sucrose and
0.5 mol l−1 sucrose alone achieved an intake
target of 1:255 mol/mol (1:560 w/w). The
dotted line in both panels illustrates the
putative intake target. (C) The proportion of
caseinate-sucrose diet to sucrose-only diet
depended on the diet pair. (D) Bees fed the
EAA-sucrose to sucrose-only diet
consistently atemore of the sucrose-only diet
than thediets containing freeEAAs. (E)Bees
fed with diets high in caseinate had a lower
risk of mortality than bees fed diets high in
free EAA (F). The data are for the same
individuals in all panels. Error bars indicate
s.e.m. N=20 bees per diet pair per panel.
Table 1. MANOVA of total amount of each macronutrient eaten over 7 days
Casein diet Free amino acid diet
Effect Dependent Test stat (d.f.) P-value Test stat (d.f.) P-value
Diet Protein/EAA F6,113=32.4 <0.001 F5,75=15.8 <0.001
Carbohydrate F6,113=2.56 0.023 F5,75=15.7 0.026
Colony (cov) Protein/EAA F1,113=4.56 0.016 F1,75=1.20 0.275
Carbohydrate F1,113=1.40 0.005 F1,75=13.4 <0.001
Bee size (cov) Protein/EAA F1,113=1.36 0.185 F1,75=2.04 0.090
Carbohydrate F1,113=1.45 0.004 F1,75=0.36 0.148
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P<0.05). In all of the bees we sampled, fructose was present at an
average concentration of∼9.2±0.8 mmol l−1; in contrast to trehalose
and glucose, fructose concentration did not vary as a function of the
diet treatment (Fig. 2A, Šidák’s post hoc, all P>0.05).
Haemolymph amino acid concentrations were also influenced by
diet (Fig. 2B). The proportion of total EAAs to non-EAAs depended
on diet (GEE, diet×AA class, χ4
2=24.4, P<0.001). In all the diet
treatments except the high caseinate diet (1:20 w/w), the bees had
lower concentrations of EAAs than non-EAAs in haemolymph
(Fig. 2B). The bees fed the high caseinate diet had almost three
times the level of haemolymph EAAs compared with bees fed the
other diets; in fact, six of the 10 EAAs (leucine, isoleucine, valine,
methionine, threonine and lysine) were elevated in haemolymph
when bees were fed this diet (Table 2). Total haemolymph EAAs
were not significantly different for any of the other diet treatments
(Šidák’s post hoc, P>0.05). Interestingly, with the exception of bees
fed sucrose, the mean concentration of non-EAAs was not strongly
affected by diet treatment (Fig. 2B, Šidák’s post hoc, P>0.05); the
sucrose-only fed bees had significantly lower non-EAAs than those
fed with the high EAA diet (Šidák’s post hoc, P=0.042).
To identify whether specific amino acids signalled protein/EAA
sufficiency, it was necessary to identify whether diet influenced the
amino acid profile of haemolymph. To do this, we tested whether the
proportion of specific EAAs and non-EAAs in bumblebee
haemolymph could predict the diet the bees were fed using
canonical discriminant analysis (CDA). A CDA for the EAAs
revealed that diet influenced the specific profile of AAs in bee
haemolymph (Table 3). The first canonical discriminant function
(function 1) separated the bees fed diets high in protein (high
caseinate diet, 1:20 w/w) and the bees fed diets high in EAAs (high
AAdiet, 1:30mol/mol) from all other groups (canonical discriminant
function coefficients, Table 3). The main haemolymph AAs used to
separate the bees fed the high caseinate diet from the other groups
were leucine, threonine and valine (pooledwithin-group correlations,
Table 3). In fact, these bees had ∼10× as much leucine in their blood
as the bees fed the sucrose-only or low caseinate diets. Bees fed the
high AA diet, however, had the lowest concentration of leucine of all
the diets. The seconddiscriminant function distinguished the bees fed
sucrose only and the low AA diet from those fed with the low
caseinate diet; the bees fed the low caseinate diet had relatively
elevated levels of tryptophan and low levels of phenylalanine
(Tables 2 and 3). The third and fourth discriminant functions did not
significantly distinguish the groups.
A second CDA was performed for the non-essential AAs
(Table 3). Three significant functions were produced. The first
function distinguished the bees fed the sucrose-only diet from those
fed caseinate based on the quantities of cysteine and glutamine
(Tables 2 and 3). Cysteine was highest in concentration in the low
caseinate diet and glutamine was highest in concentration in the
sucrose-only diet. The second discriminant function distinguished
the bees fed the low caseinate diets and those fed the high AA diets
from the others based on the concentration of cysteine and tyrosine
(Tables 2 and 3). The third distinguished the low AA diet and the
high caseinate diet from the high AA diet; the low AA diet and the
high caseinate diet had relatively greater concentrations of alanine
and lower concentrations of GABA (Tables 2 and 3).
DISCUSSION
Our experiments show that, like honeybees (Paoli et al., 2014a,b),
bumblebee workers prioritize their intake of carbohydrates over the
ingestion of dietary EAAs. The source of dietary EAAs influenced
nutrient balancing: when bees were fed with a protein (caseinate),
they ate a relatively higher proportion of P:C (intake target, 1:149
w/w) than bees fed with the equimolar, free EAA solutions (intake
target, 1:255 mol/mol or 1:566 w/w). Interestingly, bees fed with
caseinate also consumed almost twice as much carbohydrate as
those fed with the free EAA solutions, even though proportionally
their diets were skewed towards protein. The bees fed solutions of
free EAAs required less of the EAA solution, consumed less
carbohydrate and regulated their intake of the solution over a wider
range of concentrations. Like other social insect workers studied
previously (Dussutour and Simpson, 2009; Pirk et al., 2010; Paoli
et al., 2014a,b), diets high in EAAs caused higher rates of mortality
in adult worker bumblebees.
Potential mechanisms for adjustment of protein/EAA intake
One of the most striking results of our study was that the amount and
proportion of EAAs in food affected the regulation of EAA intake
by individual bees. Bees fed the caseinate diet consumed ∼4× more
of the sucrose-caseinate diet to meet their needs for EAAs than bees
fed with diets containing equimolar concentrations of free EAAs.
This could be as a result of incomplete digestion of the casein by the
bees, resulting in a greater demand for the substrate, but we were
unable to test the frass of the bees to confirm this. Furthermore, the
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Fig. 2. Haemolymph sugars and amino acids depended on the
concentration of protein or EAAs in diet. (A) The sugars, glucose and
trehalose, varied according to diet, but fructose did not. (B) Bees fed diets high
in caseinate had almost twice the total average amount of EAAs in
haemolymph as bees fed sucrose alone or any of the other diets. The mean
amount of non-EAAs did not vary as a function of diet. Error bars indicate
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costs of production of enzymes to digest casein might also cause a
greater demand for EAAs. The bees fed with diets dilute in caseinate
also exhibited difficulty in regulating their intake to compensate for
the low amount of protein, suggesting that they might not be capable
of post-ingestively detecting protein in the diet when it is present at
concentrations less than 1:250 w/w.
The main difference between the caseinate-sucrose diet and the
free EAA-sucrose diets was the proportion of EAAs (Table 4). The
fact that the bees had to eat ∼4× more caseinate implies that some
of the less abundant EAAs produced by the digestion of caseinate
were important for the regulation of protein intake. With the
exception of isoleucine and phenylalanine, the free EAA diet had
greater proportions of all the other EAAs than caseinate. Two of
these, threonine and valine, were ∼4× less concentrated in the
caseinate diet (Table 4); the close match of their relative
concentration to the factor by which the bumblebees ate more
caseinate could imply that these two are particularly important for
the regulation of EAA intake. Only lysine was less concentrated
than threonine and valine; it was ∼13× less concentrated in the
caseinate diet. Furthermore, phenylalanine and isoleucine were
more concentrated than any of the other EAAs, perhaps indicating
that they are less important in protein regulation. Our caseinate
digest data also show that hydrolysis of caseinate yielded non-
EAAs, which were not present in our equimolar, free EAA diet.
The fact that bees had to ingest more caseinate to meet their needs
for dietary EAAs – in spite of the fact that the caseinate diet also
provided non-EAAs – indicates that non-EAAs play only a minor
role in the regulation of food intake.
The mechanisms that give rise to the regulation of protein intake
are largely unknown (see Morrison et al., 2012 for a review).
Dietary protein can affect signalling by peptides such as insulin
(Buch et al., 2008), and this could indirectly provide a way of
determining that protein has been eaten. A few studies have
identified that an ‘over-abundance’ of specific amino acids can
limit feeding behaviour (Purpera et al., 2012; Jordi et al., 2013).
Leucine, for example, and the other branched-chain EAAs,
isoleucine and valine, which activate the cellular target TOR
(target of rapamycin), suppress feeding when they are present in
abundance in diets fed to vertebrates (Peters and Harper, 1985) or
injected directly into the brain centres involved in feeding, such as
the hypothalamus (Blouet and Schwartz, 2010; Karnani et al.,
2011; Laeger et al., 2014). In our experiments, only valine matched
the predictions that branched-chain EAAs are important for protein
regulation because it was four times less concentrated in the
caseinate-sucrose diet than in the free EAA-sucrose diet; leucine
was ∼30% less concentrated than in the free EAA diet and
isoleucine was six times more concentrated (Table 4). These data
imply either that valine is more important in protein regulation in
insects or more than one EAA is necessary for the body to
determine protein sufficiency. At present, there are few data to
support the idea that the abundance of a single amino acid (e.g.
valine or threonine) is used as a signal of protein sufficiency
(Laeger et al., 2014). The more likely explanation is that more than
one EAA is necessary for regulation of protein/EAA intake.
Previous studies in locusts and rats have shown that the ingestion of
several amino acids simultaneously often has a stronger effect on
feeding than individual amino acids (Simpson et al., 1990; Karnani
et al., 2011). It is possible that the ratios of the branched-chain
amino acids to each other – or to combinations of other EAAs – are
what affect the body’s signals for protein sufficiency. Future studies
that test how much each of the branched-chain AAs contributes to
the intake of protein when they are present in a mixture of other
EAAs will be necessary to identify whether all EAAs must be
present in specific proportions to signal protein sufficiency.
Dietary source of EAAs influences AAs in haemolymph
Our study is the first to establish that the dietary source of EAAs has a
direct influence on haemolymph levels of AAs, especially EAAs, in
Table 2. Mean concentration of amino acids in bumblebee haemolymph 3 days after feeding
Sucrose only Low AA High AA Low casein High casein
Essential amino acids
Arginine 177.7 340.3 514.2 1624 834.6
Histidine 190.6 362.4 333.8 140.3 373.2
Isoleucine 478.9 342.5 465.7 356.4 1282
Leucine 45.82 72.17 32.07 44.23 401.2
Lysine 218.5 310.3 421.6 150.9 624.6
Methionine 864.7 580.4 877.0 858.1 3597
Phenylalanine 92.67 86.64 2.278 13.73 50.75
Threonine 100.1 204.9 123.2 126.1 722.9
Tryptophan 0.0357 0.0435 0.1629 0.1361 0.0715
Valine 724.8 1712 1012 759.2 3211
Total 2893 4011 3782 4073 11,097
Non-essential amino acids
Alanine 267.4 599.9 184.7 318.4 1110
Asparagine 12.71 16.81 14.21 10.44 12.65
Aspartic acid 211.6 373.4 243.1 429.1 460.5
Cysteine 162.7 249.7 191.6 422.1 182.7
GABA 0.5793 0.2933 0.5346 0.5846 0.1840
Glutamine 0.1873 0.1388 0.1794 0.0746 0.1400
Glutamic acid 263.6 775.1 240.2 309.1 484.6
Glycine 148.8 175.8 403.3 326.6 440.6
Proline 4049 4834 5566 4536 3974
Serine 356.6 467.8 335.9 262.8 290.3
Tyrosine 84.52 119.5 349.2 155.2 193.3
Total 5557 7612 7528 6770 7148
Grey highlights indicate the highest concentration (nmol l−1) in the five treatments for each AA.
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an insect. In this experiment, we confined bees to diets that we
predicted were either near the intake target or strongly unbalanced
towards protein/EAA, with the expectation that we would be able to
identify differences in the unbalanced diets that predicted the signal
for protein sufficiency. Asmight be expected, our data show that over-
ingestion of caseinate (arising from the need of the bees confined to
this diet to ingest sufficient carbohydrate) resulted in ∼3–4× greater
concentrations of 7 of the 10 EAAs in haemolymph. Notably, two of
the branched-chain EAAs (leucine and valine) were elevated in
haemolymph in spite of the fact that they were not the most abundant
AAs present in the caseinate digest. A recent study also showed that
rats chronically fed diets high in protein had elevated levels of the
branched-chain AAs (leucine, isoleucine and valine) in their blood
(Solon-Biet et al., 2014). Furthermore, in this same study, all other
plasma AAs were negatively correlated with protein intake or not
correlated at all. The selective elevation of the branched-chain EAAs
in haemolymph when diets are high in protein could indicate that all
other AAs from protein: (1) do not pass across the gut wall as readily;
(2) are used more quickly by corporeal cells; or (3) are selectively
excreted when they are in excess in haemolymph.
An interesting aspect of our study was that bumblebees did not
accurately regulate their intake of EAAs when diets were high in
protein or EAAs, as they over-ate EAAs in these diets, in spite of the
fact that they were also given access to a sucrose-only diet. This
suggests several possible explanations. The first is that bees cannot
easily taste differences in the concentration of protein or EAAs in
the diet, such that they passively over-ingest protein/EAAs in sugar
solution. Few studies have examined the ability of bees to taste
amino acids (Inouye and Waller, 1984; Roubik et al., 1995; Carter
et al., 2006; Simcock et al., 2014; Hendriksma et al., 2014) and none
have reported whether B. terrestris or other bees have the
appropriate gustatory receptor neurons to detect them. The second
is that post-ingestive mechanisms for the regulation of protein/EAA
intake may be tuned to a specific range of concentrations of these
amino acids, and if the concentration of protein/EAA is too high, the
bees cannot adjust by reducing their intake.
Bees prioritize carbohydrates over protein intake
We also observed that carbohydrate regulation depended on the
dietary source of EAAs and the amount of protein eaten. Bees fed
sucrose could only clearly regulate their intake around a specific
daily quantity of carbohydrates (∼45±4 mg sucrose day−1,
supplementary material Fig. S1). Bees fed with the free EAA-
sucrose diets also regulated their intake of carbohydrates to
∼47±2 mg sucrose day−1; when caseinate was very dilute in the
diet, as in the 1:250 and 1:500 caseinate-sucrose diets, bees
regulated their intake to a similar amount (36±3 mg sucrose
day−1). However, when caseinate was present at concentrations
greater than the 1:250 diet, the bees not only consumed
proportionally more caseinate (∼5±0.1 mg day−1), they also
increased their total intake of carbohydrates to twice that of the
bees on all the other diets (75±2 mg sucrose day−1). Our data
could indicate that the brain integrates information about
nutritional state using carbohydrates and EAAs simultaneously
Table 3. Canonical discriminant analysis of amino acids in bee haemolymph
Essential amino acids Non-essential amino acids
Canonical discriminant function statistics Canonical discriminant function statistics
Function Eigenvalue % Var Test stat P-value Function Eigenvalue % Var Test stat P-value
1 11.8 77.6 χ40
2 =131 <0.001 1 3.95 52.6 χ44
2 =107 <0.001
2 2.41 15.7 χ27
2 =27 <0.001 2 1.75 23.3 χ30
2 =62.6 <0.001
3 0.57 3.70 χ24
2 =16 0.090 3 1.38 18.4 χ18
2 =34.2 0.012
4 0.45 3.00 χ7
2=7 0.153 4 0.42 5.70 χ8
2=9.99 0.265
Pooled within-groups correlations Pooled within-groups correlations
Function Function
AA 1 2 3 4 AA 1 2 3 4
Leu 0.518 0.149 0.025 −0.349 Tyr 0.175 0.607 0.358 0.089
Thr 0.454 0.175 −0.092 −0.172 Cys 0.311 −0.448 0.222 0.323
Val 0.372 0.102 −0.309 0.175 Gln −0.248 0.285 0.019 −0.152
Phe 0.081 −0.586 0.420 0.242 Gly 0.211 0.245 0.019 −0.177
Trp −0.097 0.437 −0.401 −0.176 Ala 0.117 0.056 −0.541 −0.133
Arg −0.001 0.498 0.634 0.115 GABA −0.078 −0.155 0.475 −0.132
His 0.084 0.001 −0.575 0.165 Asp 0.148 −0.079 −0.159 0.047
Lys 0.103 0.046 −0.399 −0.119 Ser −0.220 0.078 −0.125 0.673
Met 0.390 0.171 −0.021 −0.591 Glu 0.021 −0.026 −0.306 0.468
Ile 0.289 0.058 −0.128 −0.514 Asn −0.073 0.147 −0.065 0.343
Pro 0.026 0.138 0.165 0.230
Canonical discriminant function coefficients Canonical discriminant function coefficients
Function Function
Diet 1 2 3 4 Diet 1 2 3 4
Sucrose −1.103 −2.122 0.402 −0.446 Sucrose −2.76 −0.741 0.026 −0.439
Low AA 0.766 −1.215 −0.281 1.697 Low AA −0.908 −0.311 −1.242 1.571
High AA −2.039 0.677 −0.98 −0.234 High AA 0.127 1.612 1.063 0.111
Low casein −1.873 1.746 0.933 0.159 Low casein 2.236 −1.618 0.719 0.002
High casein 7.039 0.536 −0.027 −0.285 High casein 1.552 0.789 −1.941 −0.577
Pooled within-groups correlations in bold indicate the highest correlation of each amino acid with each discriminant function. Canonical discriminant function
coefficients indicate how the CDA split each treatment in distinct groups; treatments with the highest magnitude (in bold) for significant functions indicate how the
classification separated the groups based on the weighting of each amino acid to each discriminant function.
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(Simpson and Raubenheimer, 2012), and that this calculation is
done independently from an evaluation of the sufficiency of
individual EAAs in the diet. Like other proteins, caseinate does
not provide the same proportions of all EAAs (Table 4); to obtain
sufficient specific EAAs, the bumblebees probably had to
consume more caseinate (w/w) than the free EAA solution
(w/w). However, they did this whilst also maintaining their intake
target for a specific proportion of P:C and this forced them to eat,
in total, more carbohydrates than the bees fed with the free EAA
diets. Thus, our data show that the proportions of EAAs (as
determined by the EAAs produced when protein is digested) can
also influence the total dietary intake of carbohydrates, perhaps
through two different mechanisms.
Our study is the first to examine in detail the nutritional needs for
protein/EAA and carbohydrates of the adult worker bumblebee. The
bumblebees in our experiments strongly regulated their daily intake of
carbohydrate to achieve a minimum of 45 mg sucrose day−1. Our
previous work has also shown that adult worker honeybees prioritize
their intake of carbohydrate over EAAs/protein (Altaye et al., 2010;
Paoli et al., 2014a,b; Archer et al., 2014), and that the need for
carbohydrate increases when honeybee workers become foragers
(Paoli et al., 2014a,b). In our studies with honeybees, we estimated
that the IT for newly-emerged honeybees fed the free EAA diets was
1:50 mol/mol. The IT we observed for bumblebees fed the free EAA
dietswas 1:255mol/mol– avalue that is very similar to our estimate of
the IT for honeybee foragers (∼1:250 mol/mol, Paoli et al., 2014a,b).
Worker bees have significant demands for carbohydrates to fuel
flight (Joos et al., 1997; Suarez et al., 1996; Harrison and Roberts,
2000; Darveau et al., 2014) and also have high resting metabolic
rates (Harrison and Roberts, 2000). Their main dietary source of
carbohydrates is floral nectar: a solution that contains free AAs but
whose composition is largely sucrose, glucose and fructose (Baker
and Baker, 1982; Petanidou et al., 2006; Nicolson and Thornburg,
2007). Thus, unlike herbivorous or carnivorous insects, by consuming
a nectar-only diet it is possible for foraging bees to selectively
consume carbohydrates without being required to eat high
concentrations of protein/EAAs at the same time. In this way, they
can obtain their carbohydrate needs first, and secondarily consume
other substrates (e.g. pollen or glandular secretions from other nest
mates) to meet their needs for dietary EAAs.
Honeybees regulate their intake of carbohydrates to maintain
haemolymph trehalose titres (Blatt and Roces, 2002a,b). In spite of
changes in the quality and quantity of sugar solutions fed to
honeybees, the trehalose concentration in haemolymph is tightly
regulated to a constant level (Blatt andRoces, 2001, 2002a,b) because
trehalose is the main sugar, along with glucose, used to produce
glucose-6-phosphate as a substrate for ATP production to fuel flight
muscles (Beenakkers et al., 1984). In contrast, we found that in
bumblebees, trehalose concentration varied with diet composition,
but fructose concentration remained constant. If the maintenance of a
storage carbohydrate in haemolymph facilitates flight, we predict that
the diet-invariant nature of haemolymph fructose indicates that
bumblebees use fructose rather than trehalose to fuel flight.
Interestingly, enzymatic studies of bumblebee flight muscles have
shown that bumblebees are unique among insects because they rely
on fructose-6-phosphate and fructose-1,6-diphosphate as cycling
substrates for flight muscles (Staples et al., 2004; Clark et al., 1973;
Beenakkers et al., 1984) rather than glucose and glucose-6-phosphate
produced from trehalose used by other insects (Beenakkers et al.,
1984). Fructose-6-phosphate and fructose-1,6-phosphate can be
produced from both glucose and fructose, but the production of
fructose-1,6-phosphate– one of the substrates forATPproduction in a
fructose-6-phosphate/fructose-1,6-phosphate cycle – requires fewer
enzymatic steps than it would if trehalose was used as a substrate
(Beenakkers et al., 1984; Berg et al., 2012). For this reason, it would
be faster and require less ATP for Bombus sp. to use fructose than
trehalose as a haemolymph storage carbohydrate. Future research on
this topicmay reveal that fructose plays an important role in the diet of
Table 4. Proportion of amino acids found in sodium caseinate and in the equimolar EAA diet
Casein
diet (µg g−1)
Proportion of total
EAA in casein
Free EAA
diet (mg ml−1)
Proportion of total
EAA in EAA diet Casein/EAA diet
Essential amino acids
Arginine 855.2±118.1 0.06 1.74 0.11 0.55
Histidine 622.9±76.4 0.04 1.55 0.10 0.40
Isoleucine 7235±909 0.52 1.31 0.09 5.8
Leucine 779.2±93.4 0.05 1.31 0.09 0.67
Lysine 145.0±16.7 0.01 1.82 0.12 0.08
Methionine 589.5±85.3 0.04 1.49 0.10 0.40
Phenylalanine 3015±351 0.22 1.65 0.11 2
Threonine 226.5±23.2 0.02 1.19 0.08 0.25
Tryptophan 0.1874±0.0188 <0.01 2.04 0.13 0.08
Valine 336.6±22.1 0.02 1.17 0.07 0.28
Non-essential amino acids
Alanine 13.65±1.74
Asparagine 0.032±0.014
Aspartic acid 97.64±7.95
Cysteine 711.5±102.4
GABA 1.467±0.330
Glutamine 0.0839±0.006
Glutamic acid 1674±77.8
Glycine 248.8±29.9
Proline 58.93±5.06
Serine 678.3±78.3
Tyrosine 1211±163.2
Sodium caseinate was digested using acid hydrolysis to render EAA and non-EAAs. AAs with the greatest concentrations are highlighted in grey. Note that
tryptophan is often destroyed by acid hydrolysis and these data may not reflect actual values rendered by bee digestion. N=6 samples.
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foraging bumblebees for this reason. We also provide the first report
we know of that shows sucrose in insect haemolymph, but the
significance of this is unknown.
Diets high in protein lead to eusocial worker mortality
In addition to requiring diets high in carbohydrates to fuel flight,
the bumblebees in our study, as well as worker honeybees and
ants, also exhibit high rates of mortality when fed diets high in
protein or EAAs (Pirk et al., 2010; Paoli et al., 2014a,b; Dussutour
and Simpson, 2012) but can survive on a diet of sucrose alone for
several days (Paoli et al., 2014a,b). In fact, in addition to having
modest demands for dietary protein, bees have significant
diversification of genes encoding enzymes necessary for sugar
metabolism (Kunieda et al., 2006). Most animals fed diets higher
in protein than their actual IT can convert dietary AAs into fuel via
gluconeogenesis; we have been unable to find many accounts
where diets high in protein kill animals outright, although an
abundance of some amino acids, such as methionine, has been
associated with toxicity or a reduction in lifespan (Harper et al.,
1970; Grandison et al., 2009). These studies, in combination with
our data, suggest that the need for diets high in carbohydrates is a
general trait of social Hymenoptera workers and could suggest
that workers in these lineages have undergone a metabolic trade-
off that has perhaps enhanced their ability to use carbohydrates
but at the cost of being able to use EAAs efficiently as substrates
for energy production.
MATERIALS AND METHODS
Experimental animals
Fourteen commercially reared bumblebee (Bombus terrestris terrestris
Linnaeus 1758) colonies (Koppert Ltd, UK and Syngenta Bioline) were kept
in a temperature controlled room or incubators maintained at 28°C and 60%
relative humidity at Newcastle University (UK). Prior to the experiment,
each colony had access to a liquid food source suppliedwith the colonies and
∼3 g of honeybee collected pollen was provided daily to each colony.
Female worker bees were removed from the colony by opening the flight
holes and catching individual bees in plastic vials; bees that emerged from
the colony exit were used in the experiments. Bees were briefly cold-
anaesthetized on ice until activity was reduced to transfer them into the
feeding chambers. Only female bees were used; to identify females, genitals
were inspected during cold anaesthesia for the presence of male claspers
(Hannan et al., 2012). Workers of all sizes were captured and used in the
experiments and care was taken to distribute them randomly across
treatments.
Experimental chambers
Bees were housed individually in a plastic box (16.5×11×6.5 cm) with 20
holes (2 mm) drilled at each end of the lid for ventilation. In three sides of
the box, a hole was cut to insert a 2 ml microcentrifuge tube; each tube had
four holes (2 mm) drilled in a line in one side of the tube to facilitate feeding
by the bees. Two of the tubes were filled with food solution; the remaining
tube was filled with deionized water. A piece of absorbent laboratory paper
was added to the housing box, covering the base. After being placed in the
box, bees were left to acclimatize at room temperature before the feeding
solutions were added. Bees were then moved into the 28°C controlled
temperature room or incubator and kept in darkness for 7 days, through the
course of the experiment. After use in treatments, bees were killed by
freezing at −20°C.
Nutrient balancing experiments and diets
To test how the dietary source of EAAs influenced the intake target of adult
worker bumblebees, each beewas presented with a choice of two solutions: a
0.5 mol l−1 sucrose solution and another solution that contained 0.5 mol l−1
sucrose with protein (sodium caseinate, Sigma-Aldrich, C8654) or the 10
EAAs at equimolar concentrations (Table 5). The AAs used were:
methionine, tryptophan, leucine, lysine, valine, arginine, isoleucine,
phenylalanine, threonine and histidine (all from Sigma-Aldrich). These
AAs are essential for many insect species and were identified as ‘essential’
for honeybees by de Groot (1953). Both of the EAA sources were dissolved
in a 0.5 mol l−1 sucrose solution made with deionized water. Diets were
made to specific protein to carbohydrate ratios (P:C), where the carbohydrate
concentration remained constant (0.5 mol l−1 sucrose) (Tables 4 and 5). The
caseinate solutions were based on weight-to-weight proportions; the EAA
solutions were based on the molar ratio of the EAAs-to-sucrose as in Paoli
et al. (2014a,b). Our diets did not have the same proportion of EAAs: upon
acid hydrolysis (see below), caseinate was digested to a specific proportion
of EAA and non-EAA that was dominated by isoleucine, phenylalanine,
glutamic acid and tyrosine (Table 4). Furthermore, the most concentrated
amino acids were in some cases three or four orders ofmagnitude higher than
the least concentrated amino acids. In contrast, our EAA diet was nearly
equimolar with a similar proportion w/w.
Diet tubes were weighed and replaced every 24 h. To adjust for
evaporation, evaporation rates for each solution were measured in boxes
containing the solutions (without bees). The average value for each solution
was subtracted from the final weights for the consumption of each diet
solution. Values for the amount of carbohydrate or protein and EAAs
consumed were determined by dividing theweight of the consumed solution
by its density (1.06) to obtain the volume. The amount of each solute in the
solution was then obtained for the volume of solution consumed; this
amount was combined to give a single value for consumption of protein and
carbohydrate for each day. Total consumption was a measure of the total
amount eaten over the 7 day period.
Effect of diet on haemolymph composition
We measured haemolymph sugars and AAs with the aim of identifying
how diets of caseinate or EAAs influenced nutritional state and hence
nutrient balancing (Simpson and Raubenheimer, 1993). To do this, we
restricted individual bees for 3 days to one of the following diets: sucrose
only, low caseinate (1:140 w/w), high caseinate (1:20 w/w), low EAAs
(1:600 mol/mol), or high EAAs (1:30 mol/mol) using the protocol
described above. After 3 days, haemolymph was collected from each bee.
Bees were cold-anaesthetized, and a hypodermic needle was used to cut an
incision in the back of the head posterior to the ocelli. Haemolymph from
individual bees was collected using 10 µl capillary tubes and expelled into
a 0.2 ml microcentrifuge tube with an equal volume of 0.1 mol l−1
perchloric acid to haemolymph. Each sample represented haemolymph
from one bee. The average volume of haemolymph collected from an
individual was 6.16 µl (the volume of haemolymph did not differ between
treatment groups). Samples were kept frozen at −20°C until HPLC
analysis. For HPLC analysis, 4 µl of haemolymph-perchloric acid mixture
from each bee was diluted to 1:30 with HPLC gradient grade H2O. Each
sample was passed through a 0.45 μm syringe-tip filter (Whatman
Puradisc 4, nylon, 4 mm) prior to analysis.
In each sample, we used HPLC to measure glucose, trehalose, fructose
and sucrose and a suite of EAAs and non-EAAs. Sugars were quantified
using a Dionex DX500 HPLC system with an ED40 electrochemical
Table 5. Ratios of dietary source of EAA:C
Dietary EAA source EAA:C (w/w) EAA:C (m/m)
Casein 1:500 –
1:250 –
1:100 –
1:75 –
1:50 –
1:25 –
1:10 –
Essential amino acids 1:230 1:100
1:206 1:90
1:153 1:75
1:115 1:50
1:57 1:25
1:23 1:10
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detection unit. The mobile phase was 100 mmol l−1 NaOH. A separate
aliquot of the original haemolymph-perchloric acid sample was diluted to
1:200 with distilled, deionized water. Twenty microlitres of this sample was
injected on to a Carbopac PA-100 column (Dionex, Sunnyvale, California,
USA). Sugars were eluted isocratically with 100 mmol l−1 NaOH with a
flow rate of 1 ml min−1. Elution profiles were analysed with Chromeleon
software (Thermo Fisher Scientific).
We quantified 21 AAs in the samples using a Dionex Ultimate 3000 RS
system fitted with a 150×2.1 mm Accucore RP-MS (Thermo Scientific)
column. Before being injected onto the column, 10 µl of diluted sample was
pre-treated for 1 min with 15 µl of 7.5 mmol l−1 o-phthaldialdehyde (OPA)
and 225 mmol l−1 3-mercaptopropionic acid (MPA) in 0.1 mol l−1 sodium
borate (Na2B4O7·10H2O, pH 10.2), then with 10 µl of 96.6 mmol l
−1
9-fluroenylmethoxycarbonyl chloride (FMOC) in 1 mol l−1 acetonitrile for
1 min, followed by the addition of 6 µl of 1 mol l−1 acetic acid. A final volume
of 30 µl of the treated samplewas then injected into the HPLC system. Elution
solvents used were: A, acetonitrile/methanol/water (45/45/45 v/v/v) and B,
10 mmol l−1 Na2HPO4, 10 mmol l
−1 Na2B4O7·10H2O, 0.5 mmol l
−1 sodium
azide (NaN3), adjusted to pH 7.8 with concentrated HCl. Elution of the
column occurred at a constant flow rate of 500 µl min−1 with a linear gradient
of 3 to 100% (v/v) eluent A and 97 to 0% eluent B. Amino acid derivatives
were fluorometrically detected (Ultimate 3000 RS Fluorescence Detector,
Dionex, Thermo Fisher Scientific) and elution profiles were analysed using
Chromeleon software (Thermo Fisher Scientific).
Amino acid composition of sodium caseinate
To identify the AAs produced by the digestion of caseinate, we digested
sodium caseinate in HCl. Sodium caseinate (1.7 mg) was first washed in
200 µl of methanol to extract free AAs. The samples were vortexed for 1 min
and then left for 10 min and vortexed a second time for 1 min (Cook et al.,
2003). Each sample was centrifuged for 30 min at 134,000 r.p.m. The
supernatant was removed and placed in a new microcentrifuge tube. The
remaining pellet and the supernatant sample were dried down in a heat block
at 70°C. Dry samples from the methanol extract were then recovered in
200 µl HPLC gradient grade water and vortexed for 1 min. To the dried
caseinate pellet, we added 170 µl of 6 mol l−1 hydrochloric acid (HCl) and
the sample was briefly vortexed. Sealed tubes were placed in plastic
microcentrifuge tube boxes, sealed, and placed in a domestic 900 W
(2450 MHz) microwave oven inside of a fume hood. A Pyrex beaker
containing 800 ml of cold tap water was also placed in the microwave oven
to absorb excess radiation (Zhong et al., 2005). Samples were irradiated for
15 min on full power and then left to cool. Cooled samples were then moved
to a heat block within a fume hood, unsealed and heated at 70°C to evaporate
the acid. Once dry, 200 µl of deionized UHPLC gradient grade water was
added to each sample. Both free AA (supernatant) and hydrolysed protein-
bound AA samples (digested pellet) were centrifuged for 1 min and filtered
through 0.45 µm syringe-tip filters (Whatman Puradisc 4, nylon, 4 mm).
Ten microlitres of each filtered sample was analysed using the HPLC
method for AA analysis above.
Statistical analyses
Analyses were carried out using IBM SPSS v19. The amount of food
consumed (mg) was analysed using multivariate analysis of variance
(MANOVA) and the volume analysed using two-way analysis of variance
(ANOVA). Both analyses included colony and bee size as covariates.
Šidák’s post hoc tests were used for multiple comparisons. Data were natural
log transformed prior to analysis. (Note that we used bee weight as a proxy
for bee size based on a factor analysis that identified that bee weight had the
strongest correlation with four other measured parameters: abdomen and
thorax width, head length, total bee length.) The intake targets were
determined by the post hoc comparisons of the amount of protein/EAAs and
carbohydrates eaten on each dietary treatment; diet treatments that were not
significantly different in both were averaged to determine the intake target
P:C or EAA:C ratio. Survival data were analysed using a Cox regression
(Coxreg) analysis with diet treatment as a covariate; comparisons between
groups were evaluated using the ‘indicator’ contrasts. The hazard ratio (HR)
was calculated for each comparison against the indicator group, which was
always the most dilute EAA:C or P:C treatment. Generalized estimating
equations (GEEs) were used to test for differences in haemolymph sugars
and total EAA and non-EAA. A canonical discriminant analysis (CDA) was
used to identify differences in the treatments in the amount and proportion of
specific AAs in haemolymph.
Acknowledgements
The authors wish to thank Steve Simpson for comments on the manuscript, Kerry
Simcock for help with haemolymph collection, Eileen Power for help with the HPLC
amino acid detection and Koppert Biological Systems for donating bumblebee
colonies.
Competing interests
The authors declare no competing or financial interests.
Author contributions
D.S. performed and designed the experiments, analysed the data and revised the
manuscript; P.P. performed the experiments; S.W.N. helped to design the
experiments and revised the manuscript; G.A.W. designed the experiments,
analysed the data and wrote the manuscript.
Funding
This work was funded jointly by a grant from the Biotechnology and Biological
Sciences Research Council, Natural Environment Research Council, the Wellcome
Trust, Department for the Environment, Food, and Rural Affairs, and the Scottish
Government under the Insect Pollinators Initiative [BB/I000968/1 to G.A.W. and
S.W.N.]. Deposited in PMC for immediate release.
Supplementary material
Supplementary material available online at
http://jeb.biologists.org/lookup/suppl/doi:10.1242/jeb.114249/-/DC1
References
Abisgold, J. D. and Simpson, S. J. (1988). The effect of dietary protein levels and
haemolymph composition on the sensitivity of the maxillary palp chemoreceptors
of locusts. J. Exp. Biol. 135, 215-229.
Altaye, S. Z., Pirk, C. W. W., Crewe, R. M. and Nicolson, S. W. (2010).
Convergence of carbohydrate-biased intake targets in caged worker honeybees
fed different protein sources. J. Exp. Biol. 213, 3311-3318.
Archer, C. R., Pirk, C. W. W., Wright, G. A. and Nicolson, S. W. (2014). Nutrition
affects survival in African honeybees exposed to interacting stressors. Funct.
Ecol. 28, 913-923.
Baker, H. G. and Baker, I. (1982). Chemical Constituents of Nectar in Relation to
Pollination Mechanisms and Phylogeny. Chicago: University of Chicago Press.
Beenakkers, A. M. T., Van der Horst, D. J. and Van Marrewijk, W. J. A. (1984).
Insect flight muscle metabolism. Insect Biochem. 14, 243-260.
Berg, J. M., Tymoczko, J. L. and Stryer, L. (2012). Biochemistry. New York: W.H.
Freeman.
Blatt, J. and Roces, F. (2001). Haemolymph sugar levels in foraging honeybees
(Apis mellifera carnica): dependence on metabolic rate and in vivo measurement
of maximal rates of trehalose synthesis. J. Exp. Biol. 204, 2709-2716.
Blatt, J. and Roces, F. (2002a). The control of the proventriculus in the honeybee
(Apis mellifera carnica L.) I. A dynamic process influenced by food quality and
quantity? J. Insect Physiol. 48, 643-654.
Blatt, J. and Roces, F. (2002b). The control of the proventriculus in the honeybee
(Apis mellifera carnica L.) II. Feedback mechanisms. J. Insect Physiol. 48,
683-691.
Blouet, C. and Schwartz, G. J. (2010). Hypothalamic nutrient sensing in the control
of energy homeostasis. Behav. Brain Res. 209, 1-12.
Boisen, S., Hvelplund, T. andWeisbjerg, M. R. (2000). Ideal amino acid profiles as
a basis for feed protein evaluation. Livestock Production Sci. 64, 239-251.
Buch, S., Melcher, C., Bauer, M., Katzenberger, J. and Pankratz, M. J. (2008).
Opposing effects of dietary protein and sugar regulate a transcriptional target of
drosophila insulin-like peptide signaling. Cell Metab. 7, 321-332.
Carter, C., Shafir, S., Yehonatan, L., Palmer, R. G. and Thornburg, R. (2006). A
novel role for proline in plant floral nectars. Naturwissenschaften 93, 72-79.
Clark, M. G., Bloxham, D. P., Holland, P. C. and Lardy, H. A. (1973). Estimation of
fructose diphosphatase-phosphofructokinase substrate cycle in flight muscle of
Bombus affinis. Biochemical J. 134, 589-597.
Cook, S. M., Awmack, C. S., Murray, D. A. and Williams, I. H. (2003). Are honey
bees’ foraging preferences affected by pollen amino acid composition? Ecol.
Entomol. 28, 622-627.
Darveau, C.-A., Billardon, F. and Bélanger, K. (2014). Intraspecific variation in
flight metabolic rate in the bumblebee Bombus impatiens: repeatability and
functional determinants in workers and drones. J. Exp. Biol. 217, 536-544.
de Groot, A. P. (1953). Protein and amino acid requirements of the honeybee (Apis
mellifera L.). Physiol. Comparate et Oecologia 3, 197-285.
801
RESEARCH ARTICLE The Journal of Experimental Biology (2015) 218, 793-802 doi:10.1242/jeb.114249
Th
e
Jo
u
rn
al
o
f
Ex
p
er
im
en
ta
lB
io
lo
g
y
Dussutour, A. andSimpson, S. J. (2009). Communal nutrition in ants.Current Biol.
19, 740-744.
Dussutour, A. and Simpson, S. J. (2012). Ant workers die young and colonies
collapse when fed a high-protein diet. Proc. R. Soc. B Biol. Sci. 279, 2402-2408.
Gardener, M. C. and Gillman, M. P. (2002). The taste of nectar: a neglected area of
pollination ecology. Oikos 98, 552-557.
Grandison, R. C., Piper, M. D. W. and Partridge, L. (2009). Amino-acid imbalance
explains extension of lifespan by dietary restriction in Drosophila. Nature 462,
1061-1064.
Hannan, M., Alqarni, A., Owayss, A. and Engel, M. (2012). The large carpenter
bees of central Saudi Arabia, with notes on the biology of Xylocopa sulcatipes
Maa (Hymenoptera, Apidae, Xylocopinae). ZooKeys 201, 1-14.
Harper, A. E., Benevenga, N. J. andWohlhueter, R. M. (1970). Effects of ingestion
of disproportionate amounts of amino acids. Physiol. Rev. 50, 428-558.
Harrison, J. F. and Roberts, S. P. (2000). Flight respiration and energetics. Annu.
Rev. Physiol. 62, 179-205.
Hendriksma, H. P., Oxman, K. L. and Shafir, S. (2014). Amino acid and
carbohydrate tradeoffs by honey bee nectar foragers and their implications for
plant–pollinator interactions. J. Insect Physiol. 69, 56-64.
Inouye, D. W. and Waller, G. D. (1984). Responses of honey bees (Apis Mellifera)
to amino acid solutions mimicking floral nectars. Ecology 65, 618-625.
Joos, B., Lighton, J. R. B., Jon, F. H., Suarez, R. K. and Roberts, S. P. (1997).
Effects of ambient oxygen tension on flight performance, metabolism, and water
loss of the honeybee. Physiol. Zool. 70, 167-174.
Jordi, J., Herzog, B., Camargo, S. M. R., Boyle, C. N., Lutz, T. A. and Verrey, F.
(2013). Specific amino acids inhibit food intake via the area postrema or vagal
afferents. J. Physiol. 591, 5611-5621.
Karnani, M.M., Apergis-Schoute, J., Adamantidis, A., Jensen, L. T., de Lecea, L.,
Fugger, L. and Burdakov, D. (2011). Activation of central orexin/hypocretin
neurons by dietary amino acids. Neuron 72, 616-629.
Kunieda, T., Fujiyuki, T., Kucharski, R., Foret, S., Ament, S. A., Toth, A. L.,
Ohashi, K., Takeuchi, H., Kamikouchi, A., Kage, E. et al. (2006). Carbohydrate
metabolism genes and pathways in insects: insights from the honey bee genome.
Insect Mol. Biol. 15, 563-576.
Laeger, T., Reed, S. D., Henagan, T. M., Fernandez, D. H., Taghavi, M.,
Addington, A., Munzberg, H., Martin, R. J., Hutson, S. M. and Morrison, C. D.
(2014). Leucine acts in the brain to suppress food intake but does not function as a
physiological signal of low dietary protein. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 307, R310-R320.
Lee, K. P. (2007). The interactive effects of protein quality and macronutrient
imbalance on nutrient balancing in an insect herbivore. J. Exp. Biol. 210,
3236-3244.
Morrison, C. D., Reed, S. D. and Henagan, T. M. (2012). Homeostatic regulation of
protein intake: in search of a mechanism. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 302, R917-R928.
Nicolson, S. and Thornburg, R. (2007). Nectar chemistry. In Nectaries and Nectar
(ed. S. Nicolson, M. Nepi and E. Pacini), pp. 215-264. Netherlands: Springer.
Paoli, P. P., Wakeling, L. A., Wright, G. A. and Ford, D. (2014a). The dietary
proportion of essential amino acids and Sir2 influence lifespan in the honeybee.
AGE 36, 1239-1247.
Paoli, P. P., Donley, D., Stabler, D., Saseendranath, A., Nicolson, S. W.,
Simpson, S. J. andWright, G. A. (2014b). Nutritional balance of essential amino
acids and carbohydrates of the adult worker honeybee depends on age. Amino
Acids 46, 1449-1458.
Petanidou, T., Van Laere, A., Ellis, W. N. and Smets, E. (2006). What shapes
amino acid and sugar composition in Mediterranean floral nectars? Oikos 115,
155-169.
Peters, J. C. and Harper, A. E. (1985). Adaptation of rats to diets containing
different levels of protein: effects on food intake, plasma and brain amino acid
concentrations and brain neurotransmitter metabolism. J. Nutr. 115, 382-398.
Pirk, C. W. W., Boodhoo, C., Human, H. and Nicolson, S. W. (2010). The
importance of protein type and protein to carbohydrate ratio for survival and
ovarian activation of caged honeybees (Apis mellifera scutellata). Apidologie 41,
62-72.
Purpera, M. N., Shen, L., Taghavi, M., Munzberg, H., Martin, R. J., Hutson, S. M.
and Morrison, C. D. (2012). Impaired branched chain amino acid metabolism
alters feeding behavior and increases orexigenic neuropeptide expression in the
hypothalamus. J. Endocrinol. 212, 85-94.
Raubenheimer, D. and Simpson, S. J. (1993). The geometry of compensatory
feeding in the locust. Anim. Behav. 45, 953-964.
Raubenheimer, D. and Simpson, S. J. (1997). Integrative models of nutrient
balancing: application to insects and vertebrates. Nutr. Res. Rev. 10, 151-179.
Roubik, D. W., Yanega, D., Aluja, S., Buchmann, S. L. and Inouye, D. W. (1995).
On optimal nectar foraging by some tropical bees (Hymenoptera: Apidae).
Apidologie 26, 197-211.
Sanahuja, J. C. and Harper, A. E. (1963). Effect of dietary amino acid pattern on
plasma amino acid pattern and food intake. Am. J. Physiol. 204, 686-690.
Schwartz, G. J. (2013). Central leucine sensing in the control of energy
homeostasis. Endocrinol. Metabol. Clin. North Am. 42, 81-87.
Simcock, N. K., Gray, H. E. and Wright, G. A. (2014). Single amino acids in
sucrose rewards modulate feeding and associative learning in the honeybee.
J. Insect Physiol. 69, 41-48.
Simpson, S. J. and Raubenheimer, D. (1993). A multi-level analysis of feeding
behaviour: the geometry of nutritional decisions. Philos. Trans. R. Soc. Lond. B
342, 381-402.
Simpson, S. J. and Raubenheimer, D. (2012). The Nature of Nutrition: A Unifying
Framework from Animal Adaptation to Human Obesity. Princeton, NJ: Princeton
University Press.
Simpson, S. J. and Simpson, C. L. (1992). Mechanisms controlling modulation by
haemolymph amino acids of gustatory responsiveness in the locust. J. Exp. Biol.
168, 269-287.
Simpson, S. J., Simmonds, M. S. J., Blaney, W. M. and Jones, J. P. (1990).
Compensatory dietary selection occurs in larval Locusta migratoria but not
Spodoptera littoralis after a single deficient meal during ad libitum feeding.
Physiol. Entomol. 15, 235-242.
Simpson, S. J., Sibly, R. M., Lee, K. P., Behmer, S. T. and Raubenheimer, D.
(2004). Optimal foraging when regulating intake of multiple nutrients. Anim.
Behav. 68, 1299-1311.
Solon-Biet, S. M., McMahon, A. C., Ballard, J. W. O., Ruohonen, K., Wu, L. E.,
Cogger, V. C., Warren, A., Huang, X., Pichaud, N., Melvin, R. G. et al. (2014).
The ratio of macronutrients, not caloric intake, dictates cardiometabolic health,
aging, and longevity in ad libitum-fed mice. Cell Metab. 19, 418-430.
Staples, J. F., Koen, E. L. and Laverty, T. M. (2004). ‘Futile cycle’ enzymes in the
flight muscles of North American bumblebees. J. Exp. Biol. 207, 749-754.
Suarez, R. K., Lighton, J. R., Joos, B., Roberts, S. P. and Harrison, J. F. (1996).
Energy metabolism, enzymatic flux capacities, and metabolic flux rates in flying
honeybees. Proc. Natl. Acad. Sci. USA 93, 12616-12620.
Tasei, J.-N. and Aupinel, P. (2008). Nutritive value of 15 single pollens and pollen
mixes tested on larvae produced by bumblebee workers (Bombus terrestris,
Hymenoptera: Apidae). Apidologie 39, 397-409.
Zanotto, F. P., Raubenheimer, D. and Simpson, S. J. (1996). Haemolymph amino
acid and sugar levels in locusts fed nutritionally unbalanced diets. J. Comp.
Physiol. B 166, 223-229.
Zhong, H., Marcus, S. L. and Li, L. (2005). Microwave-assisted acid hydrolysis of
proteins combined with liquid chromatography MALDI MS/MS for protein
identification. J. Am. Soc. Mass Spect. 16, 471-481.
802
RESEARCH ARTICLE The Journal of Experimental Biology (2015) 218, 793-802 doi:10.1242/jeb.114249
Th
e
Jo
u
rn
al
o
f
Ex
p
er
im
en
ta
lB
io
lo
g
y
